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The development of high-brightness free-electron lasers (FEL) has revolutionised our ability to
create and study matter in the high-energy-density (HED) regime. Current diagnostic techniques
have been very successful in yielding information on fundamental thermodynamic plasma properties,
but provide only limited or indirect information on the detailed quantum structure of these systems,
and on how it is affected by ionization dynamics. Here we show how the electronic structure of solid-
density nickel, heated to temperatures of 10’s of eV on femtosecond timescales, can be studied by
resonant (Raman) inelastic x-ray scattering (RIXS) using the Linac Coherent Light Source FEL.
We present single-shot measurements of the valence density of states in the x-ray-heated transient
system, and extract simultaneously electron temperatures, ionization, and ionization potential en-
ergies. The RIXS spectrum provides a wealth of information on the valence structure of the HED
system that goes beyond what can be extracted from x-ray absorption or emission spectroscopy
alone.
Understanding the quantum behaviour of high energy-
density (HED) systems is of broad importance to applica-
tions across plasma physics [1, 2], astrophysics and plan-
etary studies [3, 4], and fusion energy science [5]. The
reason lies in the importance of particle correlations and
quantum effects in governing ground- and excited-state
plasma properties at high density, including collisional
plasma dynamics [6, 7], transport properties [8–10], x-ray
opacities [11–13] and the equation of state [14, 15]. Due
to their large penetration depths, x-rays are often used
to interrogate dense plasmas via spectroscopic techniques
based on x-ray absorption, emission or (in)elastic scatter-
ing. For example, x-ray Thomson scattering (XRTS) [16]
is widely used to diagnose warm-dense plasmas [17], to
measure electron temperatures and densities [18, 19], ion-
ization and degree of ionization potential depression [20],
and ion temperatures and plasma viscosity [21, 22]. Hot-
ter plasmas, with higher atomic numbers and high de-
grees of partial ionization, are in turn better suited to
be interrogated via x-ray emission [23, 24] or absorption
spectroscopy [11, 25, 26].
In contrast, resonant inelastic x-ray scattering (RIXS),
while prevalent in atomic and condensed matter physics
investigations [27–29], has not been used to date in high-
energy-density physics research. This can be traced to
three important requirements for a RIXS experiment: the
x-ray source must be spectrally bright, spectrally stable,
and have a tunable (narrow-bandwidth) wavelength so
as to match the required resonance condition [30, 31].
Historically, HED experiments have had very limited ac-
cess to x-ray sources with such properties. The advent of
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FIG. 1. Comparison of various processes contributing to x-
ray-matter interactions to second order in the fine structure
constant: photon absorption and emission, x-ray Thomson
scattering (XRTS), resonant inelastic x-ray scattering (RIXS)
and non-resonant inelastic x-ray scattering.
fourth-generation free-electron laser (FEL) light sources,
either on their own or co-located with powerful optical
lasers, now provides the x-ray source capabilities to both
create and probe extreme plasmas on ultra-short, iner-
tially confined timescales [32, 33], and, as we will show,
allows for the application of advanced RIXS-based tech-
niques to the study of dense plasmas for the first time.
Here we present RIXS spectroscopy of a nickel system
isochorically heated by the Linac Coherent Light Source
(LCLS) FEL [34] to temperatures of order 10 eV on fem-
tosecond time scales. We show how the measurement
allows us to extract information on the electron temper-
ature and ionization, on the valence structure including
the density of states (DOS), and on the binding energy
of the continuum, all in a single, femtosecond, x-ray shot.
The RIXS spectrum provides a unique wealth of informa-
tion on the electronic structure of the heated Ni system
which is not accessible simultaneously using other x-ray
diagnostics.
The interaction Hamiltonian for light-matter interac-
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2tions expressed in atomic units is given by:
HI = −α
2
(p ·A+A · p) + α
2
2
A ·A, (1)
where p represents the electron momentum, A the vec-
tor potential and α ≈ 1/137 is the fine structure con-
stant. Treating this term perturbatively, the first order
terms in p · A describe absorption and emission, while
the lowest-order contribution to scattering is described
by the second order p · A and first order A · A terms.
Both terms are second order in α. Their diagrammatic
representations, alongside absorption and emission, are
given in Fig. 2. Inelastic scattering arising from the
A · A term is normally called x-ray Thomson scatter-
ing (XRTS) [35], and in high energy density physics is
widely used to probe electron temperatures and densities
in warm-dense plasmas. Second order p · A terms give
rise to resonant (RIXS) and non-resonant inelastic scat-
tering, also commonly referred to as Raman scattering.
Here, an absorption and an emission process are linked
by a short-lived intermediate excited state which couples
the energy and momentum dependence of the incoming
and outgoing photons, so that absorption and emission
can no longer be treated as separate, independent events.
Importantly, energy and momentum conservation is not
enforced for the intermediate state, leading to spectral
features in emission that can be very different from those
of standard x-ray emission or absorption spectroscopy.
Of course, a full treatment of inelastic scattering to sec-
ond order in α will consider both effects together simply
as two contributions of the same process [36]. However,
because RIXS and XRTS often dominate at different x-
ray wavelengths, the distinction remains useful to reflect
the underlying physical process taking place.
The experiment was carried out at the Matter in Ex-
treme Conditions endstation [37] of the LCLS FEL. Here,
x-rays at photon energies of 8.0 – 8.4 keV were focused
onto 25 µm thick Ni foils over a range of x-ray intensi-
ties between 1016 − 1017 Wcm−2. The thickness of the
target was chosen to be around one absorption length for
irradiation below the Ni K-edge in order to maximize the
total scattering signal while limiting the heating gradient
in the longitudinal direction. The duration of the x-ray
pulse was around 60 fs FWHM, with a typical spectral
bandwidth of 0.3%.
The scattering signal was measured using a cylindri-
cally curved highly annealed pyrolytic graphite (HAPG)
crystal spectrometer in the von Hamos geometry, coupled
to an Epix100 x-ray camera [38]. The resulting spectral
resolution of the instrument is 9 eV in our wavelength
window of interest [37, 39]. We show the experimental
measurements obtained at the irradiation highest inten-
sity in Fig. 2. The LCLS photon energy, shown on the
ordinate axis, is tuned below and across the K-edge of
Ni, illustrating a rich spectrum of down-scattered pho-
tons mapping out the valence electronic structure of the
system. Given the relatively broad Lorentzian tail of the
Kα emission lines at 7460–7480 eV (radiative 2p−1s tran-
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FIG. 2. Experimental RIXS map of the electronic valence
structure of warm-dense Ni. The Kα1,2 emission lines are
2p− 1s radiative recombination which is driven by three dis-
tinct processes: for FEL energies below 8.2 keV the 1s state
is photoionized by the weak, unfocused 3rd harmonic of the
FEL at ∼24 keV; for FEL energies between 8.2-8.3 keV the
emission is driven by resonant 1s − 3p photoexcitation; and
for FEL energies above 8.3 keV by direct K-shell photoioniza-
tion. Resonant scattering from inner-shell electron excitations
is visible in the spectrum for emission energies below 7460 eV,
dominated by exitations of L-shell electrons into the contin-
uum (continuum band) and into the M-shell (M-shell band).
We show the position of the ground-state K-edge at 8333 eV,
alongside a band illustrating the bandwidth of the FEL pulse
and the Fermi energy. Some spurious Fe Kβ emission can be
seen ∼7060 eV due to small amounts of Fe impurities in the
sample.
sitions), we find our setup is able to measure the RIXS
signal over a spectral window of nearly 500 eV, capturing
features across a wide band of bound M-shell (3s and 3p)
and valence band (3d, 4s and 4p) states.
The technique allows us to probe the vacant portion
of the Ni density of states (DOS) directly. In the ground
state limit this would typically yield the unoccupied DOS
above the Fermi energy [40]. However, in the results pre-
sented here the x-ray intensities are sufficiently high to
heat the system, further ionizing it, and creating vacant
states across the entire band. For temperatures around
the Fermi temperature the population of vacant states
follows the typical shape of the Fermi distribution. This
can then be used to extract valence electron temperatures
and absolute measurements of the onset of the continuum
with respect to the energy of deep core states. By com-
paring this number to known atomic binding energies we
can use this measurement to extract the degree of ion-
ization potential depression in the system, as a function
of plasma temperature, ionization and density.
When the x-ray pulse is tuned to be below both the K-
edge and the K-M bound-bound resonances (∼8250 eV),
no absorption can take place in the Ni K-shell (i.e., in the
3FIG. 3. Experimental RIXS map of the electronic valence structure of warm-dense Ni as a function of irradiation x-ray intensity.
The x-ray pulse drives isochoric heating so higher intensities create hotter, more ionized plasma conditions. The intensity of
the M-shell feature is strongly dependent on the pump intensity, as is the Kα emission due to resonant K-M photo-pumping.
1s states), resulting in no Kα radiative 2p − 1s recom-
bination. Experimentally we still observe weak emission
in this region due to the presence of the unfocused third
harmonic component of the x-ray FEL beam, measured
to account for ∼ 0.1% of the total FEL energy. This con-
tribution is readily distinguished from the effect of the
main pulse at the fundamental wavelength as it only con-
tributes a weak, constant background to the Kα feature.
While absorption and emission processes are thus sup-
pressed in this region, inelastic scattering can efficiently
occur in the vicinity of absorption resonances, resulting
in photons down-scattered in energy. We identify two
main features in the Ni ion where this takes place: for
bound state L-shell electron excitations into the M-shell
states, and into the continuum valence band. Both fea-
tures are marked out in Fig. 2, allowing us to map the
structure of the continuum edge and its density of states,
and of the width and location of the M-shell. Individ-
ual M-shell states cannot be resolved here because of the
relatively broad 20 eV bandwidth of the x-ray excitation
pulse.
For RIXS to take place, a vacant final state is needed
for the internal electron excitation process. In the ground
state the only available states for electrons to be excited
into are those above the Fermi energy, 8333 eV above the
binding energy of the 1s state. At the same time, exci-
tations between fully occupied inner-shell states are not
allowed. However, if the system is heated and partially
ionized so that vacancies appear in some bound states,
additional inner-shell excitation channels open up, lead-
ing to new features in the RIXS spectrum. We show
this effect in Fig. 3 where we present the same RIXS
map as in Fig. 2, but across ten different x-ray intensi-
ties spanning nearly one order of magnitude. By chang-
ing the intensity on target we can tune the degree of
isochoric heating and inner-shell ionization resulting in
different systems with correspondingly different RIXS
spectra. The main Kα emission features are present in
all ten spectral maps, and are due to above-edge pho-
toexcitation. In contrast, the intensity of the inelastic
scattering signal resulting in a L–M excitation shows a
very strong dependence on the XFEL intensity. At ir-
radiation intensities . 7 × 1016 Wcm−2 there is little
observable RIXS from transitions into M-shell states, al-
though at intensities around 4×1016 Wcm−2 the M-shell
resonance can still be seen as an enhanced Kα feature
at 8250 eV. This corresponds to a process whereby the
XFEL photon resonantly drives a 1s− 3p transition, fol-
lowed by radiative 2p−1s Kα recombination. At intensi-
ties & 7× 1016 Wcm−2 however, and for photon energies
below the resonant 1s− 3p transition energy, we observe
a strong new feature corresponding to a photon down-
scattered due to an inner-shell L-M excitation. The in-
tensity of this feature corresponds to the M-shell states
changing from being purely virtual (when fully occupied)
to real, due to ionization. This signal thus not only shows
the position of the M-shell atomic states, but also pro-
vides a very accurate measure of bound-state thermal
ionization.
The x-ray scattering cross section to second order is
given by [41, 42]:
d2σ
dΩk2dω
=
(
e2
c2m
)2∑
f
ω
Ω
δ(Ef − Ei + ω − Ω)×∣∣∣∣〈f |ρk1−k2 |i〉 (η1 · η2) +
1
m
∑
n
( 〈f |p(k2) · η2|n〉〈n|p(−k1) · η1|i〉
En − Ei − Ω +
〈f |p(k1) · η1|n〉〈n|p(−k2) · η2|i〉
En − Ei + ω
) ∣∣∣∣2, (2)
where |i〉, |n〉 and |f〉 are initial, intermediate, and fi-
47200 7300 7400 7500
Emission energy [eV]
104
105
106
107
108
109
1010
In
te
ns
ity
 [a
rb
 u
nit
s]
8130eV
8180eV
8230eV
8280eV
8330eV
8130 eV
8180 eV
8230 eV
8280 eV
8330 eV
4
within the bound atomic states.
DISCUSSION
While RIXS has been observed over similar energy
ranges in early studies ??, the potential of this tech-
nique using the extreme intensities of XFEL sources to
observe transitions 100’s of eV o↵ resonance while main-
taining resolution allows it to be applied in new areas.
The ability to measure extremely low levels of partial
ionization has a myriad of potential applications in time-
resolved charge transfer studies to determine the active
component of enzymes, such as Fe2+ activation. Using
nanometre thin-foils to achieve uniform plasma parame-
ters on optical heating would allow this to be extended to
higher energy densities - or as a temperature diagnostic
of ramp-compressed shocks, where the plasma conditions
are no longer confined to the Hugoniot curve, of intereset
in shocked HED studies.
One feature this experiment observed was a cooling
of the plasma when (o↵-)resonantly pumping below the
chemical potential of the Fermi-Dirac distribution. Elec-
trons pumped to the continuum rapidly thermalise, and
cool the bulk. This lowered temperature, and lowered
ionization has a knock on e↵ect on the IPD, giving very
fine, tuneable IPD measurements. This cooling e↵ect can
be seen as the ionization and IPD drop in Fig. ?? above
the K-edge, as the temperature is lowered and the con-
tinuum is thermalized more rapidly as the K-shell cross-
section increases toward the K-edge. Above the K-edge
the ionization and IPD are no longer well confined based
on fitting the spectra, as we observe the K↵ by pumping
K-shell electrons to the fully vacant continuum states.
This aspect of RIXS spectroscopy as both a pump and
a probe is largely unexplored as the system returns to
the original state here on the timescale of the core-hole
recombination lifetime, however using the unparalleled
brightness of XFEL sources has massive potential appli-
cations in time-resolved studies, particularly examining
time evolution of IPD in optically vs. XFEL heated plas-
mas in order to verify models used in many plasma sim-
ulations [? ].
CONCLUSIONS
RIXS o↵ers unique opportunities for investigating
time-resolved electronic state dynamics, understanding
and following chemical reactions and energy conversion
processes in real time, and imaging chemical and struc-
tural properties of materials on the nanoscale. RIXS in
this case can be viewed as an e↵ective pump-probe exper-
iment, where the absorption is the pump and the emission
is the probe, with the core-hole lifetime as an e↵ective
clock. In our observation of incident beam energy depen-
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FIG. 4. Cascaded RIXS spectra for a selection of XFEL en-
ergies on a log scale, showing both observed and simulated
spectra with key spectral features marked. The K-M reso-
nance can be seen transitioning through the K↵ peaks as an
asymmetry of the line shape. The 95% confidence interval for
the simulated spectra are taken from experimental parame-
ters such as XFEL transmission and averaging over multiple
shots.
dent IPD, we have observed nonequilibrium dynamics in
x-ray spectroscopy, a largely unexplored field.
We have presented observations of resonant inelastic x-
ray scattering in Nickel taken on the LCLS XFEL. The
unprecendented brightness and tunablitiy of this x-ray
source extends the potential range of studies using RIXS,
as it o↵ers single shot measurements of electronic DOS,
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FIG. 4. Lineouts of the experimental and simulated RIXS
spectra for five XFEL pump photon energies. The M-shell
and continuum features are clearly visible and marked by ar-
rows. The Kα1,2 peaks are blurred together for the two lower
photons energies due to source broadening of the unfocused
3rd harmonic, and saturate the detector as the x-ray pump
wavelength approaches the K-shell ionization threshold.
nal states of the system, with respective energies Ei, En
and Ef . The incident and outgoing photons have en-
ergi s ~Ω and ~ω, and unit polarization vectors η1 and
η2, respectively. The three terms in the equation rep-
resent Thomson scattering, RIXS and non-resonant in-
lastic scatt ring, respectively, as shown schematically in
Fig. 1.
The dominant contribution of Eq. (2) to our experi-
ment is the resonance term where, in the denominator,
the difference in energies between the initial and inter-
mediate state is close to the incoming photon energy. It
can be approximated as (see supplementary information
for details):
∂ωσ = 4pi
( e
mc
)4 ω
Ω
∑
f Afρ(Ω− ω + L,f )
1 + exp
(
Ω−ω+L,f−µ(T )
T
) |M(Ω− ω + L,f )|2
(ω − (L,f − K))2 + Γ2f
 .
(3)
Here Af represents the Kα1,2 line intensity, Γf is the
natural linewidth, M(·) the dipole matrix elements and
ρ(·) the density of states. The attenuation length for
photons of energies below the K-edge is ∼ 20 µm in Ni.
Additional spectra were taken on 1 and 3 µm foils which
were found to give similar spectral features within error
once normalized to target thickness, so opacity effects
can be neglected in simulating the spectrum. Integrating
over the incident photon flux and thickness of the target,
the simulated spectrum is given by
I(ω) = ΩSA
∫ ∞
0
dΩ Φ0(Ω)∂ωσ, (4)
where Φ0(Ω) is the incident beam energy profile, and ΩSA
is the solid angle subtended by the detector. The matrix
elements and the DOS in Eq. (3) were calculated with
finite-temperature density functional theory (DFT) via
the codes ABINIT [43] and ATOMPAW [44]. Electron
binding energies, line ratios and linewidths were taken
from the Henke tables [45].
The experimental spectra were averaged according to
the central XFEL frequency in bins of 2 eV in width
and normalized to incident pulse energy, with a total of
11,383 x-ray shots included. This results in between one
and 63 shots per bin, populated by tuning the XFEL pho-
ton energy in 20 eV increments with a ±10 eV stochastic
spread. The final spectra are fitted to the data as a func-
tion of the K-shell binding energy and temperature, and
show overall excellent agreement. The fitting results for
a few specific photon energies are shown in Fig. 4. Fit-
ting the calculated cross section to the experimental data
allows us to extract experimental temperatures, ioniza-
tions, binding energies and continuum edges for the full
experimental dataset.
In Fig. 5a we show the extracted temperatures and
edge-energies over the range of driving x-ray photon en-
ergies between 8080 and 8300 eV. Overall, the heating
changes little with photon energy, and temperatures can
be determined to within 1 eV accuracy from the scatter
of the data. This is purely a limitation of the current
experimental design; a driving source with lower band-
width could yield a substantially more accurate measure-
ment directly from the slope of the Fermi distribution
around the ionization threshold, especially at lower tem-
peratures. We observe a large change in the temperature
of the Ni system as the driving intensity of x-ray pulse
increases, consistent with a larger energy deposition and
higher final energy densities in the sample. Peak tem-
peratures between 6 and 15 eV are found for irradiation
intensities between 2 × 1016 and ∼ 1017 Wcm−2. These
temperatures are sufficient to initiate a weak ionization
of the 3s and 3p states with binding energies of around
70 eV. The temperature values extracted are a good in-
dication of the peak temperature in the target, as the
ionization has a strong, almost exponential, dependence
on temperature while T  Ebind, so the peak ioniza-
tion will dominate the emission. The temperature of the
isochorically heated system is well bounded by the emis-
sion intensity of the M-shell resonance feature. For large
detuning below the K-edge, and for lower incident inten-
sities, the presence of the L–M excitation feature in the
RIXS spectrum above the noise gives the strongest bound
on the inferred temperature. The method is extremely
sensitive to ionization, and clear L–M features appear in
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FIG. 5. Temperature (a) and continuum edge energy (b) extracted from the RIXS dataset for different irradiation intensities
between 2× 1016 and 1.2× 1017 Wcm−2. Calculations of the DOS via finite-temperature DFT show good agreement with the
observed edge positions and temperature dependence. The energy value of 0 in (c) indicates the bottom of the valence band in
the low-temperature limit.
the data for core ionization fractions well below the 1%
level.
From the data we also extract the binding energy of the
1s states with respect to the continuum threshold, pro-
viding a direct measurement of the position of the con-
tinuum in the solid-density Ni plasma, and how it varies
with changes in ionization and temperature. We com-
pare these values with the energies of the lowest-lying va-
cant valence states calculated via DFT, shown in Fig. 5c.
Nickel is a transition metal where the valence band in
the ground state is formed by hybridization between the
more atomic-like 3d orbitals and the 4sp states. As the
temperature increases the chemical potential is normally
expected to fall, reaching zero as the temperature ap-
proaches the Fermi energy. However, in Ni there is a
large difference in the DOS of the d and sp bands. Small
thermal ionizations then result in an initial increase in
the chemical potential as the electrons gain thermal en-
ergy and move from a high-DOS to a low-DOS region.
This process was previously predicted via DFT simula-
tions to also occur in gold, another transition metal [46].
At temperatures below 5 eV the shape of the DOS does
not change significantly in the simulations, and the domi-
nant movement in the energy of the lowest vacant valence
state is due simply to a decrease in Pauli blocking (degen-
eracy) with increasing temperature. Above ∼5 eV tem-
peratures the d states start becoming increasingly local-
ized as they shift to lower energies and narrow in width.
The sp states, in turn, remain largely unchanged. DFT
simulations predict that the d and sp bands start loosing
overlap in energy once the temperature exceeds around
15 eV, and decouple around 20 eV. These two processes
lead to a complex movement of the lowest accessible state
in the valence band, which we show in Fig. 5b, alongside
the experimental measurements acquired at a driving x-
ray photon energy of 8260 eV. The measurements are in
good overall agreement with the calculated values for the
continuum edge.
As can be seen from Eq. (2), RIXS couples together
an x-ray absorption and emission event. The RIXS
spectrum corresponding to an inner-shell electron exci-
tation thus contains the same information on the un-
occupied DOS as an x-ray absorption spectroscopy ex-
periment [47], but with several additional advantages in
terms of symmetry projection selectivity, access to higher
multipole excitations, and the absence of lifetime broad-
ening [48]. RIXS thus enables a broadband absorption
spectroscopy measurement to be made using a very nar-
row bandwidth probe. In fact, the range over which the
absorption properties of the vacant states can be mea-
sured do not depend on the bandwidth of the x-ray source
at all, only on the lifetime of the intermediate state. For
a system with very short-lived core-holes, as is the case
for typical high-Z ions, very broad absorption spectra can
be collected. Perhaps counterintuitively, the bandwidth
of the source only acts to limit the resolution of the ab-
sorption features that can be observed, and should as
such be made as small as possible. This observation is
6promising because the narrow bandwidths of typical FEL
sources have so far placed very stringent limitations on
the usefulness of absorption spectroscopy diagnostics in
high energy density experiments, in particular of those
that require single-shot information. Our results show
that the peak spectral brightness of an FEL pulse is suf-
ficiently large to enable a single-shot vacant DOS mea-
surement via RIXS.
In summary, we have presented a novel approach to
investigate the electronic structure of warm-dense tran-
sient systems using RIXS. Our methods allows us to ex-
tract measurements of temperature, ionization and va-
lence electronic structure simultaneously. We have deter-
mined the ionization potential of solid-density Ni heated
to 10-15 eV temperatures, and have moreover been able
to track the movement of the level of the continuum even
for very small M-shell ionizations of less than 1%. This
approach shows promise to enhance our experimental ca-
pabilities in probing extreme states of matter of broad
relevance to a range of applications in planetary science
and inertial fusion research.
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